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Characterization of Human Marrow Stromal Cells: Role in Progenitor Cell
Binding and Granulopoiesis
By Jane L. Liesveld, Camille N. Abboud, Reggie E. Duerst, Daniel H. Ryan, James K. Brennan, and Marshall A. Lichtman
Adherent cell layers and their associated extracellular
matrices form when human marrow is incubated in cul-
tures containing hydrocortisone and horse serum. These
stromal layers contain cells positive for alkaline phospha-
tase; secrete collagens types I and III and fibronectin. bind
the anti-actin monoclonal antibodies (MoAbs) HHF and
CGA-7; stain with oil red 0, and express the acetylated LDL
receptor. Highly purified CD34 (MylO)-positive progenitor
cells attach to these stromal layers. and a 1 6-fold enrich-
ment of CFU-GM in both stromal attachment and semisolid
agar assays was observed. Granulopoiesis persisted up to
T HE HEMATOPOIETIC microenvironment consists of
cells, extracellular matrices, and growth factors. These
cells and matrices provide attachment sites for hematopoietic
cells and regulate their proliferation and maturation by
secreting stimulatory as well as inhibitory cytokines such as
interleukin 6 (IL-6) and transforming growth factor-￿3
(TGF-fl).’2 An adherent layer ofcells and matrix proteins is
required for murine long-term hematopoiesis and stem cell
self-renewal in liquid cultures.3 Human marrow has the same
requirement for this adherent or stromal layer, but in vitro
human long-term hematopoiesis is much less durable.45 The
stromal cell layer in murine marrow culture systems is
composed principally of fibroblast-like cells and endothelial
cells, their secreted matrix proteins, and associated macro-
phages.36 In human bone marrow (BM), fibroblasts, endo-
thelial cells, macrophages, lymphocytes, and adventitial reti-
cular-like cells have been described.78 Adipocytes develop in
human marrow long-term culture systems if hydrocortisone
is present, presumably by lipogenesis from fibroblasts.5
Because of the complexity of in vitro marrow stromal
layers, the contribution microenvironmental cell subtypes is
difficult to ascertain with certainty. For better study of the
ability of individual adherent cell subsets to support granulo-
poiesis in vitro, we developed a two-stage liquid marrow
culture system, in which homogeneous monolayers are re-
charged with target marrow exhaustively depleted of adher-
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40 days (mean duration 25 days) after passaged stroma
were recharged with stromal cell-depleted target cells in a
two-stage liquid marrow culture system. Although equal to
marrow fibroblasts in their ability to bind CD34￿ myeloid
progenitors. stromal layers were better at supporting
granulopoiesis. This system provides an in vitro model to
characterize the components of stroma and stroma-
cytomatrix that enhance marrow progenitor cell localiza-
tion and maintenance.
S 1989 by Grune & Stratton. Inc.
ent cells with the antineuroblastoma monoclonal antibody
(MoAb) 6-19 and complement (C’).9 This report character-
izes the phenotype of the human marrow adherent cells and
measures and compares their ability to support marrow
hematopoietic progenitors in this two-stage liquid culture
system. It also shows that highly enriched early myeloid
progenitors are capable of binding to marrow stromal cells
and fibroblasts.
MATERIALS AND METHODS
Preparation ofAdherent Cell Types
Marrow aspirates were obtained from normal donors after
informed consent was obtained, in accordance with institutional
guidelines of the Committee on Human Investigation. The marrow
was treated with 4.5% dextran (Sigma, St Louis) in phosphate-
buffered saline (PBS) and sedimented for 30 minutes x g. The
supernatant was centrifuged at 1,000 rpm x five minutes, and the
cells were counted and resuspended.
Stromal cells. Approximately I .5 x I O￿ unfractionated BM
cells were suspended in 8 to 10 mL McCoy’s 5A culture medium
(GIBCO, Grand Island, NY) supplemented with 12.5% fetal calf
serum (FCS) (iR Scientific, Thousand Oaks, CA), 12.5% horse
serum (Hyclone, Logan, UT), and 1.0 ￿zrnol/L hydrocortisone
(Sigma) dissolved in ethanol (final ethanol concentration
<1:5,000)10 The cells were placed in 25-cm3 flasks (Nunclon,
Denmark) and maintained at 37#{176}C and 5% CO2. Twice weekly, half
of the supernatant media was removed and replaced with fresh
media. Beginning at -5 weeks, the confluent adherent layers were
passaged with 0.125% trypsin (Cooper) three to six times, during
which they formed a homogeneous stromal layer free of hemato-
poietic activity.
Marrow fibroblasts. Approximately I .5 x I0￿ unfractionated
marrow cells were sedimented in dextran and placed into tissue
culture flasks in McCoy’s 5A medium supplemented with 10% FCS
alone. Adherent fibroblast monolayers were passaged after trypsin-
ization as described above.
Human monocytes-macrophages. Human monocytes-macro-
phages were obtained by plating light-density mononuclear cells in
plastic flasks coated with gelatin.” After selection, adherent cells
were cultured in McCoys 5A medium with I0% FCS for seven days
before study.
Human umbilical vein endothelial cells (HUVECs). HUVECs
were obtained from term umbilical cords. The veins were flushed
with lactated Ringer’s solution, injected with pronase (Calbiochem,
San Diego, CA) and incubated at 37#{176}C for 20 minutes, after which
the endothelial cells were flushed from the vein.’2 The cells were
cultured in McCoy’s 5A medium with 20% FCS, and the medium
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was changed every 48 hours. Flasks with endothelial cells were used￿
only if they had achieved confluence by seven days.
Gelatin-coatedflasks. In some experiments, passaged fibroblast
or primary endothelial cultures were established on gelatin-coated
flasks. Tissue culture flasks were treated with a 4% gelatin (Sigma)
solution for two hours at 37#{176}C. The gelatin was then aspirated, and
the flasks were dried at room temperature.
Adherent Cell Characterization
Histochemistry. Cells were stained for nonspecific esterase,’3
alkaline and acid phosphatase, and oil red O.’￿
Immunofluorescence. Anticollagen I and anticollagen III were
a gift from Dr G. Miller, Cross Cancer Center, Edmonton, Alberta,
Canada.’5 Passaged adherent layer cells were grown to confluence on
coverslips (Bradford Scientific, Epping, NH) which were then fixed
with 3.7% formaldehyde, permeabilized with PBS for 12 hours at
4#{176}C or with .5% Triton-X (Calbiochem, La iolla, CA) in PBS for IS
minutes and stained with the anticollagen antibodies for one hour at
37#{176}C. After three washes in PBS, the coverslips were incubated with
rabbit anti-sheep FITC-conjugated (Fab’)2 for 30 minutes. Staining
for fibronectin was performed as previously described by Wagner et
￿ Coverslips were mounted and examined with routine fluores-
cence microscopy.
The anti-smooth muscle actin MoAbs CGA-7 and HHF were
provided by Dr A. Gown, University of Washington, Seattle.” Goat
anti-mouse FITC was purchased from Tago (Burlingame, CA).
Cells to be tested with these antibodies were washed with PBS, fixed
in absolute methanol, and incubated with appropriate antibody
dilutions for 30 minutes at room temperature.’7 Irrelevant IgG-
subtype-specific MoAbs were used as negative controls. Cells to be
assessed for their low-density lipoprotein (LDL) receptor type were
trypsinized after achieving confluence. They were then adhered to
alcian blue-treated coverslips and stained with labeled acetylated
LDL (Dil-Ac-LDL) and low-density lipoprotein (Dil-LDL) (Bio-
medical Technologies, Cambridge, MA) according to package insert
instructions, after which they were examined by fluorescence
microscopy. Staining with a I :40 dilution of rabbit anti-human
factor VIlI-related antigen (Calbiochem, San Diego) followed by
FITC-labeled goat anti-rabbit lgG (Miles, Naperville, IL) was
performed as described previously. ￿
Adherent Cell Depletion of Target Marrow With 6-19
Antibody and Complement (C’) Treatment
For the two-stage liquid system experiments, preformed adherent
layers were recharged with adherent cell-depleted light-density
marrow as shown in Fig 1 . Light-density marrow cells were
suspended in McCoy’s 5A medium with 10% FCS at 7 x 106/mL
and were incubated for 15 minutes at 4#{176}C with 10 ￿g/mL purified
MoAb 6-l9.￿ Subsequently, sterile, low-endotoxin, baby rabbit
serum (Pel-Freez) was added as the complement source at a 20%
vol/vol final concentration and incubated at 37#{176}C for 30 minutes.
The cells were then washed and resuspended at 5 x 105/mL in
completed long-term type culture medium with horse serum and
hydrocortisone. Eight milliliters of this suspension (4 x 106 cells
total) were placed into the 25-cm2 flasks with preformed autologous
adherent layers, endothelial cells, or flasks without cell layers, and
cultured at 33#{176}C, 5% CO2. Aliquots of these cells were kept for
CFU-GM and fibroblast colony assays (CFU-Fs) as previously
described.9 Light-density marrow cells subjected to 6-19 antibody
and complement treatment demonstrated no decrease in CFU-GM
forming ability as compared with control marrow cells, while CFU-F
colony-forming ability decreased from >30/5 x l0￿ cells in
untreated marrow to 0.9 ± O.3/5x lO￿ marrow cells at ten days in
ten experiments.
1.2x10(7) Whole Bone Marrow
Cells per 25 cm(3) Flask
￿___
C I￿1 r :i c￿ :i c’￿111￿u
Slroma Fibroblasls (FB) Human Umbilical Plaslic or
(Long.lerm (10% FCS) Vein Endothelisl 4% Gelatin Coated
Culture Media) Cells
(20% FCS)
Flask
(10% FCS)
(4.6 weeks) (4-6 weeks) (7.10 days)
L II
Passaged FB
Flasks Recharged wIth 4x10(6) 619/C Treated Light Density Marrl
Cells in 8 ml Long-Term Culture Medium
￿ ￿
C ￿I1[ __ __
Passaged Stroms #{149} Passaged FB Endothellal Cells Plastic
Alter recharging, all flasks were placed at 33 degrees C.
Fig 1 . Two-stage liquid marrow culture system used to study
adherent cell support of 6-19/C-treated light-density marrow
(1DM) cells. HS. horse serum; HC. hydrocortisone; FB. fibroblast.
Liquid Culture Monitoringfor Granulocytic Progenitors
Twice weekly, half the media and nonadherent cells were removed
from flasks and replaced with an equivalent amount of fresh
medium. The nonadherent cells were enumerated, their viabilities
were assessed with trypan blue (Sigma), and their morphology was
studied on cytocentrifuged Wright’s-stained preparations. Aliquots
were plated at 5 x l04/mL in a standard CFU-GM agar assay.’3
Single lots of FCS (Hyclone, Logan, UT), GCT-conditioned
medium (CM),’8 and Mo-CM (obtained from Dr David Golde)’9
were used in these assays. The combination of 5% GCT-CM and
10% Mo-CM caused maximum CFU-GM growth. Culture plates
(Nunclon four-well plates) were incubated in a humidified 5% CO2
incubator at 37#{176}Cfor 14 days. In some instances after flask
recharging, the adherent layers were sacrificed by treatment with
0.1% collagenase (Sigma) at room temperature for 30 minutes, and
the recovered cells were plated for CFU-GMs.’3
Analysis ofCFU-GM Subtypes
Cytocentrifuge slide preparations and colonies in agar gel were
stained for nonspecific esterase, chloracetate esterase, and luxol fast
blue reactivity. CFU-GM subtypes were identified as neutrophilic
(CFU-N), mixed neutrophilic-monocytic (CFU-NM), monocytic
(CFU-M), or eosinophilic (CFU-Eo).’3
Progenitor Cell Binding to Marrow Stromal Cells
and Fibroblasts
Progenitor cell purification. Progenitor cells were purified and
isolated with anti-CD34 (MylO) antibody, which recognizes myelo-
blasts and hematopoietic colony-forming cells,￿#{176} and a sterile two-
step flow cytometric technique. Ficoll-Hypaque-separated BM cells
( 1O￿/200 j.sL diluted antibody) were stained with a dilution of I :20 of
anti-CD34 (anti-HPCA; Becton Dickinson), incubated at 4#{176}C for 30
minutes, washed three times in PBS and stained with a dilution of
1:20 of FITC-conjugated goat anti-mouse IgG (Fab’)2 antibody
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(Fisher). Approximately 3 to 5 x l0￿ marrow cells were stained.
CD34￿ cells were sorted under aseptic conditions with sorting logic
based on forward light scatter, 90#{176} light scatter, and green fluores-
cence. Three-droplet sorting at high speed (4,000 to 6,000/s) was
performed with sorted cells collected in 1.5-mL vials containing I
ml FCS. This procedure yielded a sorted population of 60% to 70%
pure CD34￿ cells from a starting population of 2% to 5% CD34￿
cells. The cells were centrifuged, resuspended in PBS, and sorted
again at slow speed (500 to I ,000 cells/s) to achieve purity of 96% to
99% CD34￿ cells. After centrifugation to remove sorting sheath
fluid, the cells were resuspended in McCoy’s 5A medium with 20%
FCS before culture. Cell viability was 99%, and the recovery of
CD34￿ cells from first sort to final suspension was 40% to 50%.
Binding assay. Passaged marrow stromal cells or passaged
marrow fibroblasts, established as described above, were plated into
35-mm tissue culture plates. When confluency was reached, the
medium was removed; thereafter, 5 x l0￿ CD34￿ or 5 x l0￿
unsorted cells in 1 mL McCoy’s SA medium with FCS were pipetted
over the stromal layer or in stroma-free plastic dishes. After a 2-hour
incubation at 37#{176}C, the media was aspirated and the plates were
washed one time in medium with multiple pipetting. Stromal layers
were then overlaid with I mL 0.3% agar mixture containing 10%
Mo-CM and 5% GCT-CM as sources of colony-stimulating factors.
The plates were incubated for 14 days at 37#{176}C in 5% CO2 and then
scored for CFU-GM colonies. Both CD34￿ cells and unsorted
light-density marrow cells were plated in agar to assess input
CFU-GM numbers. Preliminary experiments had shown a 10-fold to
20-fold enrichment of CFU-GM in CD34￿ cells as compared with
the presorted light-density marrow cells.
RESULTS
Properties ofPassaged Monolayers
Phenotypic characteristics. Phenotypic analysis of the
adherent layer subtypes indicated that each had distinguish-
ing features (Table I). Stromal cells grew as interdigitated,
elongated cells and were strongly positive for alkaline phos-
phatase and smooth muscle actin,t7 whereas fibroblasts were
spindle-shaped and showed little or no reactivity for these
two markers. On the other hand, fibroblasts showed greater
acid phosphatase activity than did stromal cells.2’ Endothe-
hal cells were distinguished from stromal cells and fibro-
blasts by the presence of the factor VIlI-von Willebrand
factor (vWF) antigen.
Table 1 . Phenotypi c Charac terization 0 f Adhere nt Cells
Probe Stroma Fibroblast HUVECs Macrophage
Nonspecific esterase
Alkaline phosphatase
Acid phosphatase
OilredO
Collagen I
Collagen III
Fibronectin
±
+ +
±
+
+
+
+
±
±
+
-
+
+
+
±
ND
ND
-
ND
ND
+
+ +
-
4-
-
-
-
ND
Actin (HHF and CGA-7)
Factor Vlll/vWF Ag
Acetylated LDL
LDL
+
-
+ +
±
±
-
±
+
±
+ + +
+ +
±
-
-
+ + +
±
Intensity of staining with the listed probes was graded from negative
( - ) to markedly positive ( + + + + ). Stroma, passaged marrow stromal
cells; fibroblast, passaged marrow fibroblasts; ND, test not performed;
± . minimal staining above background.
Other features were less helpful. Nonspecific esterase and
fibronectin were present in all three adherent cell types, and
both stromal cells and fibroblasts were positive for collagen
types I and III. Expression of lipid-associated features such
as oil red 0 positivity or the acetylated LDL receptor by
adherent cell layers was influenced by whether the cells were
cultured in medium containing hydrocortisone and horse
serum or only FCS.22 Stromal cells grown with horse serum
and hydrocortisone demonstrated the acetylated LDL recep-
tor at an intensity comparable to that of endothelial cells but
less than that of monocytes (Fig 2). Fibroblasts grown under
similar long-term culture conditions acquired the acetylated-
LDL receptor and became oil red 0-positive; conversely,
stromal cells passaged in medium with FCS lost these
properties (Table 2). However, the staining for smooth
muscle actin was retained in stromal cells and remained
minimal in fibroblasts.
Other Characteristics ofRecharged Adherent Layers
After stromal and fibroblast layers had undergone three
passages, CFU-GM could not be detected in either the non-
adherent compartment or in the adherent layer recovered
after treatment with collagenase or trypsin, indicating
absence of hematopoietic potential intrinsic to these mono-
layers. By the third passage, the presence of round cells
within the adherent layers had largely disappeared and, with
subsequent passaging, the cells in the nonadherent popula-
tions became progressively more macrophagic and less
myeloid.’3
Longevity ofthe Passaged Monolayers and Their
Progenitor Content
Despite use of autologous marrow for recharging, twice-
weekly feedings, and culture maintenance at 33#{176}C, adherent
layer detachment was still observed. No endothelial cell
monolayer survived for 3 weeks, whereas 50% of stromal cell
and fibroblast adherent layers persisted at least that long.
Although stromal cell and fibroblast monolayers showed
approximately equal survival, hematopoietic activity was
retained throughout the lifespan of the flasks with stromal
cells as opposed to that in recharged fibroblast flasks, in
which the adherent layer persisted beyond its ability to
support hematopoietic activity (Table 3). The substratum
was a determinant of adherent layer function, as fibroblasts
and endothelial cells provided more persistent hematopoietic
support when established in gelatin-coated flasks whereas
stromal cells were superior when cultured directly on plastic
(Table 3).
Functional Capacity ofMonolayers in Two-Stage
Liquid Cultures
Granulopoiesis in the nonadherent compartment. In six
experiments, marrow stromal cells and fibroblasts estab-
lished at the same time and recharged with 6-l9/C’-treated
autologous light-density marrow (day 0) were compared over
time for the generation of CFU-GM in the nonadherent
layer. Figure 3 shows the mean number of day 7 and day I 4
CFU-GM/105 nonadherent cells over fibroblast and stromal
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Fig 2. Comparison of posi-
tive reaction of marrow stro-
mal cells for the acetylated LDL
receptor (A) and the markedly
positive blood monocyte reac-
tion (B).
monolayers. The plating efficiency of CFU-GM over pas-
saged stroma was greater than that over fibroblasts at each
weekly interval throughout the 3 to 4 weeks of culture
lifespan.
When we compared the day 7 and day 14 nonadherent
CFU-GMs at weekly timepoints (Table 4), greater amounts
of granulopoiesis were observed over passaged stroma than
over fibroblasts, with differences most noticeable at 3 to 4
weeks, (P < .02 at 4 weeks). The duration of granulopoiesis
over fibroblast monolayers and cell-free plastic surfaces was
similar. At early sampling points after cultures were
recharged (seven and ten days), nonadherent granulopoiesis
over plastic was greater than that over both stromal cell
layers and fibroblasts, probably reflecting an inability of the
progenitor cells to attach to plastic surfaces.
Granulopoiesis in the adherent compartment. We also
examined granulopoiesis in the adherent compartment of
these two-stage liquid cultures. When flasks were periodi-
cally sacrificed at various intervals after recharging by
subjecting the adherent layers to collagenase, granulopoiesis
was occurring in both compartments in parallel; eg, Table 5
compares total colony numbers in both the adherent and
nonadherent compartments over passaged stroma and plastic
in a single experiment followed for 5 weeks. The adherent
layers contained almost equal numbers of CFU-C as the
nonadherent compartment in stroma flasks, whereas in flasks
without stroma layers, most early granulopoietic activity was
in the nonadherent compartment.
CFU-GM colony subtype analysis. The 6- I 9/C’-treated
light-density marrow formed the following percentage sub-
typesofday 14CFU (n = 5): 3.6 ± 1.6 neutrophilic, 74 ± 7.8
Table 2. Effect of Culture Conditions on Marrow
Stromal Cell Phenotype
Probe
LTM Culture
Medium
McCoys 10% FCS
x 2 wk
Alkaline phosphatase + +
Acid phosphatase ± ±
OilredO + -
HHF antiactin MoAb + + +
CGA-7 antiactin MoAb + + +
Acetylated LDL + + + ±
LDL + +to+++
Shown are staining intensities of marrow stromal cells grown under
the culture conditions listed for 2 weeks after the sixth passage. LTM.
long-term marrow (1 2.5% horse serum and 1 2.5% FCS. and 1 ￿tmoI/L
hydrocortisone in McCoy’s 5A medium).
neutrophil-macrophage, I 1 ± 7.4 macrophage, and I I ± 3
eosinophilic. Throughout the duration of granulopoiesis after
marrow recharge, most day 7 and 14 CFU-GM were of the
mixed neutrophilic-macrophagic type regardless of adherent
cell type. No eosinophilic progenitors were observed in this
two-stage system beyond 17 days after recharge. No differ-
ences in morphologic subtypes of nonadherent v adherent
compartment generated colonies were observed.
Binding ofCD34￿ Progenitors to Stromal Cells
and Fibroblasts
Both CD34￿ progenitor cells and light-density marrow
cells attached to passaged stroma and marrow fibroblasts as
assessed by CFU-GM formation at day 14. Attached CD34￿
cells and the entire CD34￿ population cultured in agar
demonstrated a 16-fold enrichment for CFU-GM as com-
pared with light-density marrow cells (9.5 ± 1 . I to 152 ± 44
over stroma and 39 ± 14 to 650 ± 170 colonies/S x iO￿ cells
plated in agar) (Fig 4). In seven experiments in which day 14
colony growth was studied in parallel over stroma and in
agar, the plating efficiency of bound CD34￿ cells was 27% of
that in agar as compared with 23% for light-density cells. In
contrast, the CFU-GM cloning efficiency of plastic adherent
CD34￿ cells was only 9% of that noted in stromal layer-
adherent CD34￿ cells. In addition, when CD34￿ cells were
plated over fibroblasts, plating efficiency of bound CD34￿
cells was equivalent to that noted when cells were plated over
passaged stromal layers. In the case of adherence to fibro-
Table 3. Effect of Adherent Monolayer Subtype on
Granulopoiesis in Two-Stage Liquid Marrow Cultures
Monolayer
Mean Longevity
of Monolayer
(days)
Mean Duration of
Granulopoiesis
(days)
Stroma (n = 8) 25 ± 3.4 (40) 25 ± 3.2t (40)
Fibroblast (n = 8) 2 1 ± 1 1 #{149} (40) 1 3 ± 1 .8t (20)
Fibroblast (gelatin) (n = 4) 31 ± 9 (49) 25 ± 6 (38)
HUVECs(n = 4) 14 ± 2.5 (21) 1 1 ± 1.2(14)
HUVECs (gelatin) (n = 3) 30 ± 4.4 (37) 27 ± 7 (37)
Data are the mean ± SEM of three to eight experiments for each
adherent monolayer. Numbers in parentheses are maximum monolayer
longevity and duration of granulopoiesis in days.
When mean longevity of monolayer was analyzed by non-paired
two-tailed t test, no significant difference between stroma and fibroblast
was obtained (P = .45).
tMean duration of granulopoiesis analyzed similarly showed a signifi-
cant difference between the two; P < .01.
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0
￿ Stromal Cells
7 14 21
Days after recharge
Fig 3. Granulopoiesis observed in the two-stage liquid culture
system. Shown are the mean ± SEM of day 7 and day 14
CFU-GM/10’ cells. in the nonadherent compartment at various
times after initial recharging in six experiments.
blasts, however, the enrichment of attached CD34￿ cells to
that of attached unsorted light-density marrow cells was
28-fold, 3.2 ± 3 to 90.5 ± 32.2 in six experiments (Fig 4).
When agar gels were removed from the adherent layers,
nearly all CFU-GM colonies remained attached to the
stromal layers, indicating adherent layer attachment as
opposed to entrapment by the semisolid agar media.
Table 4. Mean CFU-GM Recovery in the Nonadherent
Compartment in the Two-Stage Liquid Marrow Culture System
TimeAfter
Recharge
(day)
Ti me of Adherent Monolayer
Stroma
Day 7
In = 61
Day 14
.
Fibroblast In = 6)
Day 7 Day 14
.
Plastic
Day 7
In ￿ 4)
Day 14
0 100 100 100 100 100 100
7 17 8 10 10 82 62
14 35 39 11 10 24 6.4
21 11 18 1.5 2.3 1.3 2.9
28 6 6 0 0 0 0
Data are the mean percentage of CFU-GM initially recharged (day 0)
remaining at weekly time points over various adherent layers. Data are
the average of four to six experiments in each category; n = number of
experiments.
Light Density Marrow Celts ￿ CD34+ Cells
Fig 4. Binding of purified My1O￿ (CD341 progenitor cells to
marrow stromal cell monolayers and fibroblasts. Data are the
mean ± SEM of six (fibroblasts) or seven (stroma and agar)
2 8 experiments. MY1O￿ progenitors resulted in -.16-fold enrichment
of CFU-GM over 1DM as measured in both stromal adherence and
agar assays.
DISCUSSION
Long-term production of hematopoietic cells in culture is
dependent on three factors: a preformed monolayer of stro-
mal cells,6’8 extracellular matrix proteins which are elabo-
rated and associated with the stromal cells,23’24 and several
hematopoietic growth factors which act in concert to sustain
prolonged hematopoiesis. Recently, glycosami noglyca ns
were shown to bind hematopoietic growth factors,25’26 an
observation which links stromal cells to hematopoietic cells
through matrix and growth factor proteins.
Several investigators have characterized human marrow
stromal cells and shown that, unlike marrow fibroblasts, they
contain smooth muscle actin,’7’27 laminin, and collagen
IV.28’29 They also contain dermatan and chondroitin sulfates
4 and 6 rather than heparan sulfate which is found in marrow
fibroblast layers.3#{176} Our studies confirm that properties such
as smooth muscle actin reliably differentiate stromal cells
from fibroblasts, whereas others such as oil red 0 staining
and expression of acetyl-LDL receptors are dependent on
glucocorticoids and horse serum factors and can be observed
in fibroblasts cultured in medium containing these agents.
Our in vitro two-stage liquid culture system recharged
with autologous marrow devoid of stromal cells allowed us to
show that passaged stromal cells are superior to passaged
fibroblasts in providing long-term support for granulopoiesis.
The importance of the extracellular matrix in this two-stage
Table 5. Adherent v N onadherent Layer Hematopoiesis in the Two-Stage Liquid Marrow Culture System
Passaged Stroma Plastic Passaged Stroma Plastic
Day
Nonadherent
Day 7 CFU-GM
Adherent
Day 7 CFU-GM
Nonadherent Adherent
Day 7 CFU-GM Day 7 CFU-GM
Nonadherent Adherent
Day 14 CFU-GM Day 14 CFU-GM
Nonadherent
Day 14 CFU-GM
Adherent
Day 14 CFU-GM
7
14
21
28
35
1.435 ± 124
713±68
557 ± 50
336±28
106 ± 19
1,810 ± 100
540±53
71 1 ± 126
374±48
33 ± 10
1.728 ND
378±28 54±2
21 ± 4.2 ND
7±3 6±2.2
ND ND
1,000 ± 42 1.410 ± 70
490±63 538±127
592 ± 75 ND
360±46 289±39
- -
1,200 ± 96
263±34
51 ± 3
6±4
-
ND
54±2
ND
12±2
-
Data are the mean ± SEM of quadruplicate dishes in one representative experiment. Total CFU-GM numbers are provided for both nonadherent and
adherent cell compartments in the two-stage liquid marrow culture system as outlined in the Materials and Methods section. The initial CFU-GM input
was 3,760 colonies for day 7 CFU-GMs and 3.800 colonies for day 14 CFU-GMs. ND, not done.
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culture system is also supported by the observation that
marrow fibroblasts and endothelial cells grown on gelatin-
precoated flasks exhibited greater adherent layer longevity
and duration of granulopoiesis, as compared with fibroblasts
over plastic or plastic alone. Marrow fibroblasts were not
superior to plastic alone as an adherent layer support, as
CFU-GM could also be observed over plastic for 3 weeks.3’
Furthermore, CFU-GM in this two-stage system were found
in the adherent layer as previously reported’3’32 for one-stage
conditions. Finally, passaged stromal cells in this two-stage
system did not support granulopoiesis as long as has been
reported for unpassaged adherent cells (maximum 6 weeks in
the present study v 20 weeks reported with unpassaged
adherent layers).4 Together, these findings suggest that
individual cellular elements of the marrow-derived adherent
layer have only limited capacity to support granulopoiesis in
vitro and indicate a role of cellular heterogeneity in hemato-
poietic support.
Although these results confirm the observations that
unpassaged irradiated stromal layers were superior to mar-
row fibroblasts in supporting granulopoiesis in marrow
depleted ofCFU-GM,’#{176}’33 they provide for the first time an in
vitro model that can be used to determine the extent of
microenvironmental injury to stroma or marrow fibroblasts
resulting from chemotherapy and irradiation in bone marrow
transplantation.3￿36 Similarly, such a two-stage system can
be used to study marrow injury in the setting of aplastic
anemia,37 since the effects of normal stroma on marrow
progenitors derived from aplastic patients after recovery can
be compared and contrasted that with the ability of stroma
from aplastic patients to support normal granulopoiesis.
Finally, this system can be applied to delineate the effects of
recombinant cytokines in long-term marrow cultures (eg, by
preexposing monolayers to IL-6 and monitoring the persis-
tence of adherent progenitors in the underlying stromal
monolayers).
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of primitive progenitors (blast colony-forming cells) with
methylprednisolone-treated, unpassaged marrow stromal
cells. We extended these findings by quantifying the binding
of highly purified CD34￿ myeloid progenitors to passaged
marrow stromal cells and to passaged marrow fibroblasts.
The observations that purified CD34￿ progenitors are capa-
ble of binding equally as well to passaged marrow fibroblasts
as to passaged stroma but that granulopoiesis is inferior in
amount and duration over fibroblast layers suggests that
matrix or cellular components important for binding may be
distinct from those instrumental in growth factor presenta-
tion or in other mechanisms of sustaining granulopoiesis.
These studies illustrate the possible importance of stromal
cells and their matrix in facilitating myeloid progenitor cell
lodgement and homing to the marrow. Further support for
this hypothesis is provided by a newly described marrow
adhesion protein “hemonectin,” specific for cells of the
granulocytic lineage.39 In contrast, fibronectin enhances
binding of erythroid progenitors and, to a lesser degree,
binding of granulocytic progenitors.￿#{176}￿42 The specific identity
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but a recent report43 that the intercellular adhesion molecule-
I (ICAM-1) mediates binding ofmyeloid cells provides new
avenues for investigation of specific homing receptors on
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implicated in homing of transplanted stem cells in a murine
model.45 Further experiments will be needed to determine if
similar receptors are present on human CD34￿ myeloid
progenitors which mediate their binding to stroma.
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